microdomains, which were often observed and referred to as Ca 2+ puffs in their isolated states. In this report, we visualized IP 3 -evoked Ca 2+ microdomains in histamine-stimulated intact HeLa cells using a total internal reflection fluorescence microscope, and quantitatively characterized the spatial profile by fitting recorded images to a two-dimensional Gaussian distribution. Ca 2+ concentration profiles were marginally spatially anisotropic, with the size increasing linearly even after the amplitude began to decline. We found the event centroid drifted with an apparent diffusion coefficient of 4.20 ± 0.50 µm 2 /s, which is significantly larger than those estimated for IP 3 Rs. The sites of maximal Ca 2+ increase, rather than initiation or termination sites, were repeatedly detected at the same location. These results indicate that Ca 2+ microdomains in intact HeLa cell are generated from spatially distributed multiple IP 3 R clusters or Ca 2+ puff sites, rather than a single IP 3 R cluster reported in cells loaded with Ca 2+ buffers. o-nitrophenyl EGTA acetoxymethyl ester (NP-EGTA) (Molecular Probes) at 1 µM and fluo-4 for 40 minutes. Cells were then observed with a Nikon A1 confocal microscope system with the resonant mode of 488 nm laser scanning. A 403 nm laser was used to uncage NP-EGTA at a stationary focused spot for a pre-determined period (typically 100−200 ms) with minimal amplitude. To prevent IP 3 R openings during the experiment, 100 µM 2-APB containing buffer was used. Fluorescence images were acquired with the NIS elements software (Nikon). Ca 2+ ionophore BrA23187 (Molecular Probes) was added manually to the extracellular medium at a final concentration of 5 µM when used.
microdomains in histamine-stimulated intact HeLa cells using a total internal reflection fluorescence microscope, and quantitatively characterized the spatial profile by fitting recorded images to a two-dimensional Gaussian distribution. Ca 2+ concentration profiles were marginally spatially anisotropic, with the size increasing linearly even after the amplitude began to decline. We found the event centroid drifted with an apparent diffusion coefficient of 4.20 ± 0.50 µm 2 /s, which is significantly larger than those estimated for IP 3 Rs. The sites of maximal Ca 2+ increase, rather than initiation or termination sites, were repeatedly detected at the same location. These results indicate that Ca 2+ microdomains in intact HeLa cell are generated from spatially distributed multiple IP 3 puffs) are proposed to serve as an elementary building block of IP 3 R-dependent Ca 2+ signaling, which is particularly well-known for its versatile spatiotemporal patterns, including Ca 2+ waves and oscillations (2) .
Among the Ca 2+ ion channels underlying Ca 2+ microdomains, IP 3 Rs mediate IP 3 -induced Ca 2+ release from the ER in a wide range of cell types, regulating many essential biological phenomena, including gene expression, development and neuronal plasticity (6) . In parallel with the channel regulation by its ligand IP 3 , cytoplasmic Ca 2+ regulates the open probability of IP 3 Rs in a biphasic manner; Ca 2+ release is potentiated at lower Ca 2+ concentrations, but inhibited at higher Ca 2+ concentrations (7) . The stimulatory effect by Ca 2+ suggests that the channels display the process of Ca 2+ -induced release, which underlies the versatile patterns of IP 3 (12, 13) , and then in HeLa cells (14) , PC12 cells (15) and hippocampal neurons (16) . Despite the large differences among cell types, e.g., origin of the organism, expression profiles and size or morphology, the events observed in those diverse cell types often showed similar amplitudes (17) , spatial widths (18) , and durations (17) , suggesting the phenomenon as an elementary building block of IP 3 -evoked Ca 2+ signaling (14) . Recent experiments using fast fluorescence imaging and a cytosolic Ca 2+ buffer EGTA, which efficiently isolated each Ca 2+ puff, identified the number of IP 3 R channels involved in an individual event (19) , and concluded that each Ca 2+ puff is generated by a pre-established and practically immobile IP 3 R cluster (20) 
between the major axis of the Ca 2+ profiles at height A ⋅ e
and the x-axis (Supplemental Fig. 1 ) was calculated by using the equations:
when cor > 0 , Arc tanα < 0 ;
when cor < 0 , Arc tanα > 0 ;
when cor < 0 , Arc tanα < 0 ;
The statistical analyses were performed using the software Excel (Microsoft).
Estimation of the apparent diffusion coefficient of the Ca 2+ concentration profile centroids− Assuming that the position of the centroid (x 0 , y 0 ) of the two-dimensional Gaussian profile directly reflects the position of the point source of Ca 2+ in each frame, we estimated the apparent diffusion coefficient, D, of the point source based on the following relationship between mean squared displacement (MSD) and the interval t, as described previously (24): [7] . Computational modeling− To evaluate the ability of our analysis to extract the spatial properties of the IP 3 R distribution underlying the event, we carried out a simple simulation of the distribution of the Ca 2+ -bound indicator concentrations. The simulation space was a two-dimensional 20 × 20 µm space. concentration outside the simulation space was set to the equilibrium value [Ca 2+ ] equil = 100 nM. The simulation was carried out in C language with the Xcode application on a Mac computer.
RESULTS

Detection of histamine-induced Ca
2+
microdomains with a total internal reflection fluorescence microscope− Fig. 1 The spatial profiles of the F/F 0 values ( Fig.  2A−E) were then fitted to a two-dimensional Gaussian distribution function (Fig. 2F−J) . The signals remaining after subtracting the fitted two-dimensional Gaussian function from the original experimental data (Fig. 2K−O) showed no obvious spatial bias, indicating that the two-dimensional Gaussian distribution function can be used to quantify the spatiotemporal properties of IP 3 -evoked Ca 2+ microdomains. Equation [1] contains six parameters: A, the peak height of the distribution; x 0 , y 0 , the coordinates of the centroid in the two-dimensional space; σ x and σ y , the x-radius and y-radius, respectively, of the elliptic intersection of the two-dimensional Gaussian distribution at the height A·e -1/2 ; and C, the cross-correlation term (−1 < C < 1). In order to quantitatively analyze the directional anisotropy of the Ca 2+ microdomains, the radii along the major axis and minor axis, R l and R s , respectively, of the elliptic horizontal intersection at height A·e -1/2 were calculated by substituting the values of parameters σ x, σ y , and C in equation [2] (see Experimental Procedures). The value of angle, θ, between the major axis of the ellipse and the x-axis was calculated from the same parameters by using equations [3] [4] [5] [6] microdomain is shown in Fig. 3 . The color-coded horizontal intersections of the fitted two-dimensional Gaussian distribution at height A·e -1/2 in the seven consecutive frames were superimposed (Fig. 3A) . Most of the horizontal intersections were elliptic, rather than circular. Fig. 3B shows the temporal changes in amplitude of the two-dimensional Gaussian distributions shown in Fig. 3A . The direction of the major axis seemed to change randomly (Fig.  3C ). It was obvious that the horizontal intersections were not concentric, and that the centroid exhibited a considerable drift during both the rising phase and decay phase of the Ca 2+ transient. We analyzed these characteristics of Ca 2+ microdomains in detail as described below.
Ca 2+ microdomain size; its temporal evolution, variability, and relationship to amplitude− Figs. 4A−C show the temporal evolutions of the amplitude and spatial width. The amplitude of the Ca 2+ microdomains of a representative example observed in HeLa cells peaked approximately 50 ms after crossing the detection threshold and then gradually decreased with a time constant of 155 ms, when fitted to an exponentially decaying function (Fig. 4A) . The length of the major and minor axes (Fig. 4B ) and the area (Fig. 4C ) of the elliptic intersection at height A·e -1/2 increased almost linearly, irrespective of the rising phase or decay phase of the Ca 2+ puff amplitude. Both the peak amplitude and the spatial width at the peak frame, in which the amplitude of the profile was maximal, exhibited large variability in the Ca 2+ microdomains detected (Supplemental Fig.  3A−C) . The mean length of R l and R s in the peak frame was 2.50 ± 0.08 µm and 1.88 ± 0.06 µm, respectively (n = 65). There was no clear relationship between peak amplitude and the area in the peak frame (r = −0.216) (Fig. 4D) .
The isotropy of Ca 2+ microdomains and deviation from the two-dimensional Gaussian distribution after the peak frame− The temporal changes in the aspect ratio, R s /R l , of a typical Ca 2+ microdomain are shown in Fig. 5A . The raw images and two-dimensional Gaussian distributions fitted to the acquired images for the frames indicated by the arrowheads in Fig. 5A are also shown in Fig. 5B . The aspect ratio was not constant during the evolution of the signal, and its maximum value was observed in the peak frame (time = 0) (Fig. 5A ). This tendency is clearly seen in the plot of the average of all of the Ca 2+ microdomain data (n = 65); the aspect ratio was maximal in the peak frame (Fig. 5C) . The relationship between R l and R s in the peak frame is shown in Fig. 5D . They could be fitted to a straight line with a slope of 0.74 ± 0.016 (r = 0.754) that contained the origin (Fig. 5D) , indicating that the anisotropy of the spatial distribution of Ca 2+ in the peak frame is almost constant irrespective of Ca 2+ microdomain size. To examine whether the anisotropic nature of the spatial profile is significant, we prepared a series of computer-generated isotropic Gaussian signal intensity profiles with the actual noise data we observed in our experiments. The spatial size (2.19 µm) and the height (0.45) of the profile were set to be equal to the experimental results at the peak frames, and the noise data (a background cell image without Ca 2+ microdomain signals) was arbitrarily collected from a region of 21 × 21 pixels in a quiescent frame before Ca 2+ microdomain signals were observed. Two-dimensional Gaussian fitting analysis was carried out with the computer-generated data and the aspect ratio was calculated for each profile. The value obtained for the isotropic profiles was 0.891 ± 0.041 (mean ± standard deviation, n = 10), whereas the result of the experiment was 0.762 ± 0.111 (mean ± standard deviation, n = 65). The experimental value was significantly (p < 0.01, student's t-test) smaller than that expected for the isotropic profiles, implying that the observed anisotropy was significant, rather than an artifact of our analysis methods.
Spatial drift of the Ca 2+ distribution centroids− Fig. 6A shows the trajectory of the centroid (x 0 ,y 0 ) of the two-dimensional Gaussian distribution fitted to the Ca 2+ microdomains observed in a HeLa cell stimulated with 2 µM histamine. The trajectory seemed to undergo random drift resembling Brownian diffusion, and the position of the centroid must somewhat reflect the distribution of Ca 2+ supply through IP 3 Rs involved in the event. To evaluate the possibility that individual Ca 2+ microdomains are generated from a single IP 3 R cluster under Brownian diffusion and cause the centroid drift in the distribution of Ca 2+ , the apparent diffusion coefficient of the Ca 2+ distribution centroids was estimated as described in the Experimental Procedures section. The relationship between MSD of the centroid shown in the left panel (EGTA-free) in Fig. 6A and time t is shown in Fig. 6B . In this example the apparent diffusion coefficient was estimated to be 3.20 µm 2 /s. Fig.  6C shows the histogram of the apparent diffusion coefficients estimated in a similar manner for 42 events. The apparent diffusion coefficient estimated from the average MSD value was D = 4.20 ± 0.50 µm 2 /s (mean ± standard deviation, n = 42), which is approximately ten-fold larger than the apparent diffusion coefficient estimated for type 1 IP 3 Rs (0.26 µm 2 /s (27)) and type 3 IP 3 Rs (0.45 µm 2 /s (27) or 0.04 µm 2 /s (28)), both of which are expressed in HeLa cells (29) . These results strongly suggest that the centroid drift of the two-dimensional Gaussian distribution cannot be explained by a point source of Ca 2+ that corresponds to a single IP 3 R cluster.
In previous studies adopting intracellular slow Ca 2+ buffers, such as EGTA, to facilitate the observation of microdomains, the sites of the local Ca 2+ increase were reported to be extremely stable (20) . We therefore speculated that the discrepancy between the spatially-mobile nature of the Ca 2+ microdomains we observed and the previous reports is due to the involvement of the excessive cytosolic Ca 2+ buffers. To confirm this speculation, we carried out the spatial drift detection of Ca 2+ microdomain centroids in our system in the existence of cytosolic EGTA-AM (Fig. 6A right panel) . The spatial size of each Ca 2+ microdomain signal was considerably narrowed by the cytosolic buffers (major radius R l EGTA = 0.742 ± 0.12 µm, minor radius R s EGTA = 0.606 ± 0.11 µm for peak frames, respectively. n=10 events from 5 cells) in consistent with other reports (22) . The centroids were spatially stable with significantly lower extent of the spatial drift (D EGTA = 0.611 ± 0.413 µm 2 /s, n=6 events from 5 cells).
The above experiments suggest that the rapid centroid spatial drift observed in the current study was because of the lack of excessive exogenous Ca 2+ buffers in the cytosol.
However, it should be noted that the spatially restricted profiles of the microdomains in the presence of cytosolic EGTA can inevitably change the scale factor. Consequently, the addition of EGTA reduces the potential range of centroid spatial excursions within the overall calcium microdomain that could be artificially generated by noise in the raw image data when processed with the 2-D Gaussian fit methodology. To confirm that the centroid drift is not due to experimental noise, we carried out the spot uncaging of caged Ca 2+ NP-EGTA in the cytosol, which caused a local Ca 2+ increase similar to the Ca 2+ microdomains in its amplitude and spatial size (Fig. 7A) . Two-dimensional Gaussian fitting was similarly performed for the local Ca 2+ increases, although the noise level was significantly higher than that of the TIRFM data. This was primarily due to differences in optical systems (Fig. 7B ). This synthetic local Ca 2+ increase reached the steady state shortly after the onset of the photo-uncaging, and the amplitude started to decay directly after the photo-stimulation ended (Fig. 7A) . To evaluate the possibility that Fluo-4 was saturated with Ca 2+ during uncaging, we measured the fluorescence ratio increase in the presence of an excess amount of Ca 2+ evoked by Ca 2+ ionophore BrA23187. After the addition of 5 µM BrA23187, the fluorescent ratio reached 3.01 ± 0.37, which was significantly higher (p < 0.01, student's t-test) than that evoked by NP-EGTA uncaging under the condition used (1.24 ± 0.09, n = 22 from 3 cells). These results indicate that the steady state increase in Fluo-4 signals during uncaging treatments was not due to the saturation of the dye. The spatial size (major radius: 1.92 ± 0.195 µm; minor radius: 1.67 ± 0.140 µm at peak frames, n = 22 from 3 cells) and the amplitude of the signal profile was comparable to those obtained for Ca 2+ microdomain signals ( Supplemental Fig. 3) ; however, the underlying spatiotemporal distribution of Ca 2+ release fluxes should be quite different. The time constant τ of the decay in the amplitude was obtained by fitting the decay phase to an exponential function, (τ = 14.4 ms for the data shown in Fig. 7A ). This decay time constant was significantly smaller than time constant of the real Ca 2+ microdomains, which was 223 ± 214 ms (n = 64, Fig. 7C) Fig. 8 A−D) , which should be IP 3 Rs in the current study, can generate various quasi-Gaussian fluorescence intensity profiles similar to the ones we observed (Fig. 8  E−H) . To further evaluate the two-dimensional Gaussian fitting analysis, we pixelated the results to simulate the pixels of the CCD (Fig. 8 I−L) and added distinct actual noise profiles from quiescent frames at the Ca 2+ microdomain sites obtained in our measurements (Fig. 8 M−P) . The two-dimensional Gaussian fitting was carried out with the simulated data and the results clearly reflect the spatial profiles of the underlying Ca 2+ release site distributions, e.g., spatial isotropy (Fig. 8 Q−T) . The simulation thus demonstrated the ability of our analysis to extract the spatial nature of the underlying distribution of Ca 2+ release sites. Since in some cells repeated local Ca 2+ increases that originated at the same sites were detected, the trajectories of the centroid drifts of different events observed at the same sites were compared. Fig. 9 shows representative examples observed in two different cells. The trajectories are superimposed in Fig. 9A and B. When the positions of the centroids in the initial frame were compared, in which the amplitude of the signals had just crossed the detection threshold ( Fig. 9C and D) , the peak frame ( Fig. 9E and F) , and the termination frame, i.e., the last frames in which the fluorescent signals were successively fitted with the two-dimensional Gaussian distribution function (Fig. 9G and H) , we found that the centroids were located within a relatively small area in the peak frames ( Fig. 9E  and F ), but were widely distributed in the initiation frames (Fig. 9C and D) and termination frames (Fig. 9G and H) . We also found that the centroids moved randomly, rather than following stable orbits (Fig. 9I and J) . (Fig. 2) , and the approximation enabled us to analyze the amplitude, spatial width, isotropy, and the position of the centroid of the events quantitatively in intact HeLa cells. A simple simulation study with the same Gaussian fitting analysis demonstrated that the results of the fitting would actually reflect the properties of the underlying IP 3 R distributions. (Fig. 8) .
DISCUSSION
If a spatially fixed single point source alone accounted for the generation of Ca 2+ microdomains, maximal fluorescence signals were expected to be observed at the same site during local Ca 2+ transients and fluorescence signals should evolve in the form of concentric circles from the point source. Actually, a local Ca 2+ increase induced by the spot NP-EGTA uncaging revealed very little spatial drift of the centroid (Fig. 7) . As shown in Fig. 3A ; however, the elliptic horizontal intersections of the fitted two-dimensional Gaussian distribution were not concentric and the centroid exhibited considerable drift, with a mean apparent diffusion coefficient value of D = 4.20 ± 0.50 µm 2 /s (mean ± standard deviation, n = 42) (Fig.  6) (28)). More than 90% of the centroids analyzed (38 out of 42 events) had an apparent diffusion coefficient greater than 1 µm 2 /s (Fig.  6C) . Although the diffusion coefficients of IP 3 Rs should be affected by many factors, including the geometry of the cell and the ER, and binding proteins, the results clearly indicate that almost all of the Ca 2+ microdomains detected in histamine-stimulated intact HeLa cells were not generated from spatially fixed or stable single IP 3 R clusters, nor from single IP 3 R clusters under Brownian diffusion.
The alternative mechanism for the centroid drift of Ca 2+ microdomains would be the cooperative employment of multiple release sites to a single event. We found that the horizontal intersections of the fitted two-dimensional Gaussian distribution were not the concentric circles that would be expected from the distribution of Ca 2+ released from a single point source. Most of the horizontal intersections were elliptic, and the direction of the major axis rotated randomly (Fig. 3A and C) . We also found that the centroids of repeated local Ca 2+ increases were located within a relatively small area in the peak frames ( Fig. 9E  and F ), but were distributed widely in the initiation and termination frames (Fig. 9C, D, G,  and H) . Moreover, the trajectories of the centroids of repeated events at the same sites did not coincide (Fig. 9I and J) . Based on these findings, we conclude that individual IP 3 -evoked Ca 2+ microdomains are generated by non-coordinated, stochastic Ca 2+ releases from multiple Ca 2+ puff sites. Ca 2+ microdomains may be initiated by stochastic release at a single site and gradually grow simultaneously with non-coordinated Ca 2+ releases from nearby sites. Delayed releases of Ca 2+ from nearby sites may result in a rapid drift of Ca 2+ microdomain centroids (Fig. 6 ) and random rotations of the direction of the major axes of the signal profiles (Fig. 3 ). Our conclusion is consistent with an earlier observation of microscopic Ca 2+ waves within Ca 2+ puffs, or microdomains in our terms, by confocal line-scan imaging of histamine-stimulated HeLa cells (14) .
Demuro and Parker analyzed IP 3 -evoked Ca 2+ puffs in Xenopus oocytes, and found that the centroid of some puffs exhibited sub-micron jumps (34) . Although the authors injected a slow Ca 2+ buffer EGTA (35) into the cytosol before the imaging, the behavior of the puff centroids in Xenopus oocytes was reminiscent of the behavior observed in HeLa cells in the current study (Fig. 6A) . However, the distance of the jump they observed was basically limited to several hundred nanometers, while the centroid drift we observed sometimes exceeded 1 µm. Moreover, they observed the jump in a subset of the events, which contrasts with the > 90% of the events showing the centroid drift in our study. The same group has recently adopted TIRFM to image Ca 2+ puffs in human neuroblastoma SH-SY5Y cells (20, 22) and several other cell lines including HeLa cells (20) , also in the presence of cytosolic EGTA. They reported that the nature of the Ca 2+ puff site locations are even more stable than reported in Xenopus oocytes; this observation contrasts the results presented herein.
These differences are probably caused by the existence of excessive Ca 2+ buffers in the cytosol in previous studies, as confirmed by our observation with cytosolic loading of Ca 2+ indicator EGTA-AM (Fig. 6A) We found that the length of the major and minor axes (Fig. 4B ) and the area (Fig. 4C ) of the elliptic intersection of the Ca 2+ distribution profiles continued to increase throughout the event, irrespective of the rising or decaying phase of the peak amplitudes. There was no clear correlation between the peak amplitudes and the spatial areas in the peak frames (Fig. 4D) . The mechanism responsible for this linear increase in the area over time is unknown, but the release of Ca 2+ may be mediated by the same process during both the rising phase and the falling phase of Ca 2+ microdomains. In this respect, stochastic propagation of the cooperative IP 3 R openings across multiple Ca 2+ release sites seems to offer a reasonable explanation for the phenomenon, as the declining phase could simply be attributed to fewer channels being open, rather than passive diffusion and buffering of Ca 2+ . This explanation was further supported by the computational modeling we carried out, in which spatial distributions of Ca 2+ release sites directly reflect fluo-4 signal profiles (Fig. 8) . Although more detailed computational analysis involving precise evaluations of Ca 2+ homeostatic toolkits and gating models of IP 3 Rs will be desirable and eventually be required, these results suggest the cooperative and stochastic multiple IP 3 R cluster openings as a mechanism for the development of each Ca 2+ microdomain. Conclusions− Although a large body of knowledge about the behavior of tightly clustered IP 3 Rs has been accumulated by a series of Ca 2+ puff imaging studies using cytosolic EGTA (20, 34, 35) Histograms of the amplitude (A), the radii along the major axis (B) and the minor axis (C) of Ca 2+ puffs in the peak frame (n = 65 events). 
